Members of the DEAD-box family are often multifunctional proteins involved in several RNA transactions. Among them, yeast Saccharomyces cerevisiae Mss116 participates in mitochondrial intron splicing and, under cold stress, also in mitochondrial transcription elongation. Here, we show that Mss116 interacts with the mitoribosome assembly factor Mrh4, is required for efficient mitoribosome biogenesis, and consequently, maintenance of the overall mitochondrial protein synthesis rate. Additionally, Mss116 is required for efficient COX1 mRNA translation initiation and elongation. Mss116 interacts with a COX1 mRNA-specific translational activator, the pentatricopeptide repeat protein Pet309. In the absence of Mss116, Pet309 is virtually absent, and although mitoribosome loading onto COX1 mRNA can occur, activation of COX1 mRNA translation is impaired. Mutations abolishing the helicase activity of Mss116 do not prevent the interaction of Mss116 with Pet309 but also do not allow COX1 mRNA translation. We propose that Pet309 acts as an adaptor protein for Mss116 action on the COX1 mRNA 5 -UTR to promote efficient Cox1 synthesis. Overall, we conclude that the different functions of Mss116 in the biogenesis and functioning of the mitochondrial translation machinery depend on Mss116 interplay with its protein cofactors.
INTRODUCTION
Mitochondria are eukaryotic organelles that house pathways essential for aerobic energy production by the oxidative phosphorylation (OXPHOS) system. As a remnant of their bacterial ancestry, mitochondria contain their own genome (mtDNA) and gene expression system. The mtDNA encodes only a few essential subunits of the OX-PHOS system (8 in Saccharomyces cerevisiae, 13 in human), one mitoribosomal protein in yeast, and universally, two ribosomal RNAs (rRNAs) and a variable set of tRNAs. The remaining subunits of the OXPHOS system, the mitoribosome proteins and the accessory factors that modify RNA and proteins and help organize these complexes are all encoded by the nuclear genome. Therefore, efficient protein synthesis and complex assembly within this organelle require a careful coordination between the mitochondrial and nuclear genomes.
Translation of mitochondrial mRNAs occurs in mitoribosomes (1) . High-resolution cryo-EM structures of the yeast, porcine and human mitoribosomal subunits and of the entire yeast and human mitoribosomes became recently available. They have uncovered new information regarding mitoribosome composition and function to illustrate their evolutionary divergence from their bacterial ancestors and their adaptation to synthesis of highly hydrophobic membrane proteins (2) (3) (4) (5) . The mitoribosome assembly process is poorly understood although recent work has contributed to identifying some novel factors involved, such as the DEADbox helicases Mrh4 in yeast (6) and DDX28 and DHX30 in human cells (7, 8) . Similarly, the actual mitochondrial translation process remains to be fully deciphered, particularly translation initiation. Since the mammalian mitochondrial mRNAs entirely lack a 5 -UTR (untranslated region), a Shine/Dalgarno interaction between the mRNA and the 12S rRNA in the small ribosomal subunit does not occur during mitochondrial translation. Instead, an accurate translation initiation at the correct AUG is promoted preferably, owing to the lack of secondary structure at or around the start codon (9) . Yeast mitochondrial mRNAs also lack a typical Shine/Dalgarno element. How-Nucleic Acids Research, 2017, Vol. 45, No. 11 6629 ever, yeast mitochondrial mRNAs have long 5 -UTRs and mRNA-specific translational activators bind to this region, possibly owing to localization of the small ribosomal subunit near the translational start codon (10) , and/or assisting in resolving mRNA secondary structures around this area. Moreover, the processes of mitochondrial gene expression are coupled. Abundant evidence supports the concepts of co-transcriptional mRNA splicing (in yeast), processing and translation or co-translational membrane insertion of mitochondrial polypeptides (11) (12) (13) . In yeast, the mitochondrial ribosome forms distinct clusters called MIOREX (mitochondrial organization of gene expression (14) ) a subset of which is engaged in a large complex with the nucleoid that couples transcription, mRNA maturation, translation and RNA decay. Similar submitochondrial compartments are also seen in human mitochondria and are termed RNA granules or mitochondrioli (7, 8, (15) (16) (17) . However, the factors involved in channeling the mRNAs through the different steps of gene expression within these large mitoribosome neighborhoods and their mechanisms of action remain largely uncharacterized.
NTP-dependent DEAD-box helicases play fundamental roles in mitochondrial gene expression processes such as pre-mRNA splicing (yeast Mss116) and ribosome assembly (Mrh4 in yeast; DDX28 and DHX30 in human) (reviewed in (18, 19) ). Among them, the S. cerevisiae Mss116 is the best characterized functionally, structurally and mechanistically (20) (21) (22) (23) . Mss116 was first identified in a genetic screen for nucleus-encoded factors involved in splicing of the introncontaining transcripts COB and COX1 of the yeast genome (24) . Subsequently, it has been extensively reported that Mss116 is required for efficient splicing of all mitochondrial group I and group II introns present in three mitochondrial genes, COX1, COB and 21S rRNA (25) , and promotes mitochondrial pre-mRNA processing in an adenosine triphosphate (ATP)-dependent manner (22, 25, 26) . Mss116 acts as an RNA chaperone (27) (28) (29) and, similar to other DEADbox proteins, promotes duplex unwinding based on local destabilization of RNA helical regions (30) . Recent in vitro experiments have also shown that Mss116 modulates the activity of mitochondrial RNA-polymerase during transcription elongation in an ATP-independent fashion (31). However, transcription-related functions of Mss116 in vivo are only supported by genetic data. They show that the effects of a null mss116 mutation on colony survival under cold stress can be suppressed by overexpression of each of the two factors involved in mitochondrial transcription in S. cerevisiae, either the single-subunit catalytic core of mtRNA-polymerase (RPO41) or the transcription factor 1 (MTF1, (31) . Additional observations have also suggested a role for Mss116 in mitochondrial translation, as mss116-deleted strains carrying intronless mtDNA remain respiratory-deficient and synthesis of cytochrome c oxidase (COX) subunits may be attenuated (24, 25) . However, the mechanism/s by which Mss116 could influence or regulate mitochondrial translation remain unexplored.
During studies aiming to identify mitochondrial ribosome biogenetic factors, we found Mss116 as part of the mitoribosomal proteome. In the present study, we have used strains carrying intronless mtDNA to analyze the possible role/s of Mss116 in mitoribosome biogenesis and mitochondrial translation. We have demonstrated that Mss116 is required for efficient mitoribosome assembly and that it associates with the 54S large mitoribosome subunit (mtLSU) and fully assembled ribosomes. Importantly, we show that Mss116 is specifically required for COX1 mRNA translation initiation and elongation, at least in part by interacting with the COX1 mRNA-specific translational activator Pet309, modulating its stability and therefore its productive action on the 5 -UTR of COX1 mRNA. Our results support the concept of coupling among mRNA transactions, from transcription to RNA splicing and translation.
MATERIALS AND METHODS

Yeast strains and media
All S. cerevisiae strains used are listed in Supplementary Table S1. The construction of strains expressing mutant alleles of mss116 and the composition of the standard culture medium used is defined in the Supplementary Material.
Peptide antibody against Mss116
We have used the services of Open Biosystems/Thermo Scientific (Huntsville, AL, USA) to generate an affinitypurified rabbit polyclonal peptide antibody against Mss116. The peptide, SRPRTRSREDDDEV, comprises amino acids 67-80 on Mss116. A list of all antibodies used in this study is presented in Supplementary Table S2 .
Characterization of the mitochondrial respiratory chain and oxidative phosphorylation system
Endogenous cell respiration was assayed in whole cells in the presence of galactose using a Clark-type polarographic oxygen electrode from Hansatech Instruments (Norfolk, UK) at 24
• C as described (32) . Mitochondria were prepared from the different strains as described (6) and used for spectrophotometric assays performed at 24
• C to measure KCN-sensitive COX activity, antimycin A-sensitive NADH cytochrome c reductase, and succinate cytochrome c reductase activities and oligomycinsensitive ATP synthase activity, as described (32) . Total mitochondrial cytochrome spectra were obtained as reported (32) .
The abundance of OXPHOS complexes was analyzed by Blue Native polyacrylamide gel electrophoresis (BN-PAGE) using a linear 3-12% gradient gel (33) .
In vivo mitochondrial protein synthesis
Mitochondrial gene products were labeled with [
35 S]-methionine (7 mCi/mmol, Perkin Elmer) in whole cells at 30
• C in the presence of 0.2 mg/ml cycloheximide to inhibit cytoplasmic protein synthesis (32) . Equivalent amounts of total cellular proteins were separated by sodium dodecyl sulphate-polyacrylamide gel electrophoresis on a 17.5% polyacrylamide gel, transferred to a nitrocellulose membrane and exposed to Kodak X-OMAT X-ray film.
Sucrose gradients
The sedimentation properties in sucrose gradients of Mss116, Mrh4 and mitoribosomal proteins from total mitochondrial extracts or purified ribosomes were analyzed essentially as described (34) .
Analysis of mitochondrial polysomes
Yeast cells were grown in medium supplemented with 4mg/ml chloramphenicol (CAP) for 3 h and in fresh medium for 1 h before proceeding with mitochondrial isolation as described (34) (35) (36) . Mitochondria were further purified using a step sucrose gradient as described (37) . Mitochondrial extracts were prepared in the presence of 0.8% sodium deoxycholate (NaDOC), 10 mM Tris-HCl pH. 7.5, 100 mM NH 4 Cl, 20 mM MgCl 2 and 200 U of RNaseOUT (Thermo Fisher) and loaded onto 10 ml 10-30% sucrose gradients. The gradients were centrifuged in a SW41 Ti Rotor (Beckman) at 40,000 rpm during 1.5 h at 4
• C. Subsequently, the gradients were fractionated using a BR-188 Density Gradient Fractionation System (Brandel). Aliquots of each of 28 fractions were used for immunoblot analysis of mitoribosomal markers. The rest was used for RNA extraction, and the presence of the COX1 and COB mRNAs was analyzed by cDNA synthesis followed by realtime polymerase chain reaction (RT-PCR) amplification.
RNA analysis
Methods for RNA isolation, northern blot analyses and RT-PCR are described in the Supplementary Experimental Procedures.
Statistical analysis
All of the experiments were done at least in triplicate. The data are presented as the means ± S.D. of absolute values or percentages of control. The values obtained for wild-type (WT) and mss116 mutant strains for the different parameters studied were compared by Student's t-test. P < 0.05 was considered significant.
RESULTS
Mss116 co-purifies with Mrh4 and mitoribosomal proteins
Studies in yeast and human cells have demonstrated extensive interactions of the mitochondrial translation machinery with factors involved in various post-transcriptional steps of gene expression, including mitoribosome assembly, tRNA modification and mRNA processing and turnover (7, 8, (14) (15) (16) (17) . In yeast, all these proteins interact with the mitoribosome to form distinct mitochondrial organization of gene expression (MIOREX) complexes (14) . Previous studies in our laboratory identified a MIOREX component, the DEAD-box protein Mrh4, as a mitoribosome assembly factor acting at late stages of the mitoribosome large subunit (mtLSU) assembly (1, 6) .
To further characterize the function of Mrh4, we aimed to identify the proteins that directly or indirectly interact with a functional 6xHis-tagged version of Mrh4. For this purpose, we followed two strategies, described in the Supplementary Material, to use high salt conditions to strip Mrh4 and associated proteins from the mitoribosome or to analyze Mrh4-interacting proteins in a strain devoid of mtDNA ( o strain), and therefore of rRNAs and mitoribosomes (Supplementary Figure S1 ). In the two experiments, the Mrh4-interacting proteins were analyzed by mass spectrometry. Strains expressing non-tagged Mrh4 were used as negative controls. The Mrh4-containing complex that was stripped from the mitoribosome was enriched with the DEAD-box protein Mss116, the degradosome components (Suv3 and Dss1), the 21S rRNA methyltransferase Mrm1, the GTPase Mtg1 and a variable set of mtLSU and mtSSU riboproteins (Supplementary Table S3 ). The Mrh4-containing complex purified from 0 mitochondria was also enriched in Mss116, Suv3 and Dss1, with a different set of riboproteins (Supplementary Table S3 ). These results are consistent with the proteins that were identified in the MIOREX complex (14) and further reinforce the interactions of mitoribosome assembly factors, RNA processing and turnover enzymes with the mitoribosome.
In this report, we have focused on characterizing the role of Mss116 in mitochondrial translation and ribosome assembly in a yeast strain where mRNA splicing-related functions of Mss116 are dispensable. We do not expect that this role/s will overlap with the roles of Mrh4 because multiple copies of MRH4 do not suppress the respiratory defect in a mss116 mutant strain, and vice versa ( Supplementary Figure S2 ).
Mss116 is required for mitochondrial OXPHOS biogenesis in a strain carrying stable intronless mtDNA
To study the possible role/s of Mss116 in mitoribosome biogenesis and mitochondrial translation, we engineered a mss116 strain carrying intronless mtDNA. Moreover, because mitochondrial ribosome or translation mutants have a tendency to lose their mtDNA, the mss116 strain was constructed in a background containing a previously reported episomal construct (SUP) overexpressing a mtDNA stabilizing factor (6) . However, plasmid segregation experiments followed by mtDNA content determination showed that even in the absence of the mtDNA stabilizing factor, the percentage of mtDNA-containing cells ( + ) after 20 generations at 30
• C was consistently above 98%. Additionally, the mtDNA-encoded mitoribosomal small subunit (SSU) protein Var1 will not be synthesized if mitoribosome assembly or mitochondrial translation is impaired, potentially affecting the phenotype. To prevent the potential confounding effects of an Mss116 deletion with the effects of no Var1 translation, the mss116/SUP intronless strain was transformed with a construct that successfully relocates a recoded version of the VAR1 gene to the nucleus as described previously (38) . Therefore, we performed all experiments in mss116/SUP mtDNA intronless strains expressing ectopic VAR1 (hereinafter mss116). Furthermore, to eliminate the occurrence of mitochondrial transcription elongation defects previously observed at low temperature (16 • C) in mss116 intronless strains (31) , all these experiments were conducted at 30
• C.
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The mss116 strain was found to grow extremely poorly in respiratory YPEG media ( Figure 1A ). Furthermore, it had normal levels of mitochondrial cytochromes c and b but markedly lowered cytochrome a, a 3 , the prosthetic groups of complex IV (CIV) or cytochrome c oxidase (COX) (Figure 1B) . Consistently, endogenous cell respiration and mitochondrial NADH or ascorbate-TMPD oxidation were extremely lowered ( Figure 1C ). OXPHOS complex III (bc 1 complex) activity was not affected, but oligomycin-sensitive ATPase activity decreased by ∼30% compared to the WT. Instead, COX activity was barely detectable in mss116 mitochondria ( Figure 1C ), in agreement with its markedly low levels of Cox1 and assembled CIV ( Figure 1D and E).
Mss116 interacts with the 54S mtLSU in dissociated and assembled mitoribosomes
To proceed with biochemical experiments, we generated an antibody against an Mss116 peptide, which allowed localizing the protein in mitochondrial extracts ( Figure 1D ).
To probe for a possible interaction of Mss116 with the mitoribosome, proteins were extracted from isolated WT mitochondria using 0.8% Triton X-100 and 25 mM KCl and analyzed by sucrose gradient sedimentation. Mss116 co-sedimented with fully assembled ribosomes in extracts prepared in the presence of 0.5 mM MgCl 2 and with dissociated mtLSU in extracts prepared in the presence of 5 mM ethylenediaminetetraacetic acid (EDTA) (Figure 2A and B), thus suggesting an interaction of Mss116 with the 54S mitoribosomal subunit. The interaction was disrupted in the presence of high salt concentrations, which facilitated the accumulation of Mss116 in a smaller complex, co-sedimenting with Mrh4 (Supplementary Figure S1) . The Mss116-ribosome interaction was also lost when the extracts were incubated with high concentrations of RNase. The RNase treatment disrupted ribosomal integrity, which resulted in the accumulation of Mss116 as a smaller complex (not shown).
Analysis of the steady-state levels of mitoribosome proteins indicated that the concentrations of three mtSSU and most mtLSU proteins tested were reduced in Δmss116 cells compared to the WT control. Regarding the mtLSU, lateassembly riboproteins such as bL32, uL16 and bL33 were most prominently reduced compared to the WT strain (Figure 2C ). We noticed that the levels of Mrh4 were slightly increased, suggesting some compensatory mechanism.
The steady state levels of the mitoriboproteins suggest lowered mitoribosome abundance in mss116 mitochondria. However, the sedimentation pattern of the mitoribosome markers in sucrose gradients did not change between the mss116 and WT strains under either EDTA or Mg 2+ extraction conditions (Figure 2A and B). Together, these data indicate that, although its role is not essential, Mss116 might participate in the biogenesis of the mtLSU, probably at an early step, which prevents the accumulation of large assembly intermediates. A potential early assembly intermediate could be degraded during sample processing. To minimize RNA degradation during sample manipulation, we deleted the NUC1 gene encoding a mitochondrial nuclease that is usually activated after solubilization, a previously reported strategy that does not produce any respiratory phenotype (14, 39) . Deletion of nuc1, however, did not help to stabilize any assembly intermediate in mitochondria purified from this strain ( Figure 2D ) thus suggesting that mitoribosome assembly intermediates may not accumulate in mitochondria in the absence of Mss116.
Mss116 is required for efficient overall mitochondrial protein synthesis and is nearly essential for COX1 mRNA translation
To test whether the OXPHOS biogenesis defect in the mss116 strain stems from a defect in mitochondrial gene expression, we performed in vivo mitochondrial translation experiments. Our results showed that mss116 cells can synthesize mitochondrial proteins albeit not efficiently (Figure 3A) . As previously reported by other groups in different yeast backgrounds (24, 25) , the mss116 mutations most specifically affected synthesis of Cox1, Cox2 and Cox3 (Figure 3A) . To assess better the effect of the mss116 mutation on the amount of Cox1/2/3 available for CIV assembly, the rate of incorporation of [
35 S]-methionine into the different translation products was measured at increasing pulse times. We found that the incorporation of [
35 S]-methionine into Cox1 in the mutant is <10% of WT, even at the earliest time points ( Figure 3A) . Although there was also less labeling of Cox2 and Cox3 in the mutant, the effect was not nearly as dramatic as with Cox1, particularly in the longer pulses. For cytochrome b and Atp6, although the rate of synthesis was lower than in the WT, in the longer pulses both proteins were labeled to a greater extent in the mss116 mutant ( Figure 3A ). The possibility exists that a decrease in mitoribosome amount might not affect all mRNAs to the same extent, depending on the timing of translation for the different mRNAs. In this case, the defect in COX1 mRNA translation in the absence of Mss116 could be due to decreased ribosome levels. However, in yeast mitoribosome assembly mutants, the synthesis rates of Cox1 and all other polypeptides are evenly decreased, as opposed to the mss116 mutant strain. This is illustrated in Figure 3B , where we have analyzed protein synthesis in two mitoribosome-deficient strains available in the laboratory. These data argue that the defect in COX1 mRNA translation in the absence of Mss116 is not a consequence of the decreased ribosome levels present in the mss116 mutant strain.
The poor labeling of Cox1 in the mss116 mutant strain could be due to an effect of the mss116 mutation on the rate of synthesis and/or turnover of the protein. However, the fact that incorporation of [ 35 S]-methionine into Cox1 is undetectable after short pulses (2.5-5 min) argues against fast turnover. To further explore this point, the stability of newly translated mitochondrial products was examined by pulsechase experiments. Cells were pulsed with [
35 S]-methionine at 30
• C for 30 min in the presence of cycloheximide and chased at the same temperature for different time periods after adding puromycin and excess cold methionine. In the mss116 strain, both Cox2 and Cox3 degraded at a much faster rate, likely because they cannot be assembled into COX in the absence of normal amounts of Cox1, while the degradation rate of Cyt b and Atp6 was almost the same as in the WT strain ( Figure 3C ). Even though there was some degradation of Cox1 in the WT, the residual ∼10% of Cox1 in the mutant did not decrease much further during the chase ( Figure 3C ), likely because this entire portion is readily used to assemble the residual amount of COX.
Using these strains, we also demonstrated that the protein synthesis defect in mss16 cells is not due to a discrepancy in RNA levels, as both WT and mss116 mitochondria had similar amounts of mRNAs, including COX1 mRNA, and of 15S and 21S ribosomal RNAs ( Figure 3D ).
Mss116 is required for translation initiation of COX1 mRNA
The general decrease in mitochondrial protein synthesis rate in the absence of Mss116 can be explained by the lowered concentration of mitochondrial ribosomes. Therefore, despite the sequence and structural similarity of Mss116 with eIF4A (eukaryotic initiation factor-4A), a well characterized DEAD-box protein, Mss116 does not seem to affect general mitochondrial translation initiation, because only a subset of translation products, essentially Cox1 and at a lower extent Cox3, are deeply affected. Nevertheless, Mss116 could be targeted specifically to these mRNAs for their efficient translation initiation or to disrupt potential stable secondary structures to allow access of translation factors or ribosomes, as proposed previously (25) .
To test the direct involvement of Mss116 in COX1 mRNA translation, we used strains carrying a mitochondrionencoded reporter gene (40) in either WT or mss116. The strains are deleted for the nuclear ARG8 gene, and the reporter is a recoded version of ARG8, termed ARG8 m , that encodes a matrix-localized biosynthetic enzyme, which allows us to look directly at mitochondrial translation by scoring the growth of yeast in the absence of arginine and accumulation of the reporter protein. In the strain XPM10b, the COX1 coding sequence was completely replaced by ARG8 m ( cox1::ARG8 m ) ( Figure 4A ) and in the strain XPM78a, ARG8 m was introduced at the end of the 512-nt long intronless COX1 coding sequence [COX1 (1-512)::ARG8 m ] ( Figure 4A ). In these strains, ARG8 mRNA translation is dependent on the COX1 5 -and 3 -untranslated regions (UTRs). When carrying a WT allele of MSS116, Arg8 m is synthesized in both strains (Figure 4B ) and supports arginine-independent growth ( Figure  4C ). However, the mss116 mutation markedly attenuated Arg8 m synthesis, particularly in the XPM78a strain where Cox1-Arg8 is virtually absent (Figure 4B) , and therefore the strains were unable to grow in the absence of exogenous arginine ( Figure 4C ). These results indicated that Mss116 is directly required for efficient translation of COX1 mRNA. In vivo mitochondrial protein synthesis as in panel (A), during 15 min, using the indicated strains. Immunoblotting for Porin was used as a loading control. Two mitoribosomal mutants were used. The strain mtg1/R1 carries a null allele of the mtLSU assembly factor MTG1 and a partial suppressor mutation in the 21S rRNA. The strain uL1 carries a null allele of the mtLSU subunit uL1. For each mutant, the corresponding wild-type (WT) control strain was used. In all cases, the percentage of cells carrying mitochondrial DNA ( + ) was near 100%. (C) Pulse-chase mitochondrial translation. Following a 30-min pulse, cold methionine and puromycin were added and the stability of newly-synthesized mitochondrial proteins was followed as a function of time at 30 • C. Signals were quantified as in (A) and expressed as percentage of chase time zero. (D) Northern blot analyses of total RNA probed for COX1, COX2, COB and 15S and 21S rRNA. After processing, the membranes were exposed to X-ray film, and quantification of the signals was carried out as in panel (A). The values were normalized by the signal of ACT1 mRNA as the loading control and expressed relative to the control. Error bars represent the mean ± SD of three independent repetitions. *P < 0.05.
To further test whether Mss116 is required exclusively for COX1 mRNA translation initiation or plays additional roles in translation elongation, we introduced the mss116 deletion into the XPM171a strain (40) . This strain is respiratory-competent and arginine-independent because it contains the ARG8 m gene under the control of the COX1 promoter, the COX1 gene under the control of the COX2 promoter plus the COX2 3 UTR and a WT COX2 gene ( Figure 4A ). The introduction of the mss116 mutation resulted in an Arg − phenotype ( Figure 4C ), confirming the translation initiation defect from the COX1 promoter. However, it also produced a respiratory-deficient phenotype ( Figure 4C ) owing to the lack of COX1 synthesis from the COX2 promoter ( Figure 4B ). These results indicate that Mss116 targets the COX1 mRNA coding sequence. To further assess the interactions of Mss116 with the COX1 mRNA 5 -and 3 -UTR, we used two strains carrying an ARG8 m reporter construct flanked by either the 5 -UTR of COX1 and the 3 -UTR of COX2 (strain XPM271a) or vice versa (strain XPM304b). A mss116 mutation in these strains resulted in defective Arg8 synthesis ( Figure 4B ) and an Arg-growth phenotype ( Figure 4C ). These results suggest that Mss116 may have targets all along the COX1 mRNA sequence, including the 5 -and 3 -UTRs, thus making this protein important during COX1 mRNA translation initiation and elongation. The COX1 mRNA translation defect in mss116 cells is not bypassed by excess of Mss51 or Pet309, the two known COX1 mRNA translational activators In S. cerevisiae, translation of each mitochondrion-coded COX subunit mRNA is specifically activated by distinct nucleus-encoded translational activators (41) . Cox1 synthesis is controlled by Mss51 and the PPR (pentatricopeptide repeat) protein Pet309, which act on the COX1 mRNA 5 -UTR. Mss51 additionally interacts with newly synthesized Cox1 and plays an important role in COX1 mRNA translation regulation through a negative feedback loop that couples Cox1 synthesis to its assembly into COX (34, 40, (42) (43) (44) . We and others have suggested that binding of Mss51 to the 5 -UTR of COX1 mRNA could be necessary for optimal initiation of translation by Pet309, whereas the interaction of Mss51 with newly synthesized Cox1 may regulate elongation of the nascent polypeptide (40, 45) .
The role of Mss116 in COX1 mRNA translation is not essential, as traces of Cox1 are synthesized in the mss116 mutant strain. If Mss116 acts to enhance the efficiency of the process, one could expect that excess of Pet309 or Mss51 (WT or the constitutively active variant Mss51-F199I (34, 42, 46) ) could bypass the Mss116 requirement. However, this was not the case regarding respiratory growth or Cox1 synthesis (Supplementary Figures S2 and 3) . In a WT strain, Mss51 accumulates in a prominent 450 kDa Cox1 stabilization complex and a less abundant 120 kDa complex that serves as a reservoir of Mss51 competent for translation initiation (42, 43, 47) . In COX mutants in which the 450 kDa complex is disrupted (e.g. cox1 mutants), Mss51 accumulates in the 120 kDa complex (43) . In the mss116 mutant strain, Mss51 accumulates only in the 120 kDa complex (Supplementary Figure S3B) , conceivably because of the virtual absence of newly synthesized Cox1, which could be in turn due to the inaccessibility of Mss51 to its place of action on the COX1 mRNA during translation initiation.
Together, these data agree with the ARG8-reporter assay results presented in the previous section and indicate that deficient Cox1 synthesis in the absence of Mss116 is not due to COX1 mRNA negative translational regulation but to an impairment in the actual process of translation.
Mss116 physically interacts with Pet309 and promotes its stability
Next, we investigated whether Mss116 genetically and/or physically interacts with COX1 mRNA translational activa-tors, one of which could act as a co-factor to target Mss116 to its place of action of the COX1 mRNA 5 UTR.
We started by estimating Mss116 levels in the presence or absence of Pet309 or Mss51. While Mss51 does not affect Mss116 levels and vice versa ( Figure 5A and B) , the absence of Pet309 results in 2.5-fold increased levels of Mss116 ( Figure 5A ), perhaps as a compensatory mechanism. Because an Ab against Pet309 is not available, we used a mss116 pet309 strain expressing a functional hemagglutinin (HA)-tagged version of the protein from an integrative plasmid to show that Pet309 was barely detected in mss116 mitochondria ( Figure 5B ). This suggests that Pet309 and Mss116 might form a stable complex that stabilizes Pet309.
Importantly, only the absence of Mss116 but not the absence of Pet309 limits the accumulation of mitoribosomes. This was concluded by estimating the steady-state levels of LSU mitoribosome proteins, which are similar in pet309 and in WT mitochondria ( Figure 5C ), with the exception of the late LSU assembly subunit bL33 (6), whose levels are several-fold enhanced. As reported (45) , pet309 cells fail to synthesize Cox1 (Supplementary Figure S4) but synthesize normally all other mitochondrial polypeptides, which is expected given the normal accumulation of mitoribosomes in the absence of Pet309.
Mss116 does not physically interact with Mss51 in a stable manner because Mss51-GST pulldown experiments failed to detect Mss116 in the eluate ( Supplementary Figure S5) . On the contrary, both Mss116 and Pet309 were previously found to co-immunoprecipitate with the mitochondrial RNA polymerase (48) , which could anticipate a physical interaction between the two proteins. To investigate whether Mss116 and Pet309 interact physically, we created a strain expressing Pet309-HA in the context of the nuc1 deletion. Mitochondrial extracts from this strain were prepared in the presence of 1% digitonin and used to confirm efficient and specific Pet309-HA immunoprecipitation with anti-HA-conjugated magnetic beads (Figure 5D, left panel) . A fraction of Mss116 reproducibly coimmunoprecipitated with Pet309-HA, indicating a physical interaction between the two proteins. The interaction was confirmed by the reciprocal co-immunoprecipitation experiment ( Figure 5D, left panel) . Furthermore, the interaction was not disrupted by treatment with 100 U/l RNase A and only partially by incubation in the presence of a large excess of 600 U/l RNase A ( Figure 5D, right panel) . These results suggest that Mss116 and Pet309 physically interact, probably near the COX1 mRNA. They also suggest that Pet309 could act as an Mss116 co-factor to target the helicase to the COX1 mRNA. To further explore the COX1 mRNA determinants of the Mss116-Pet309 interaction, we performed HA-pulldown analyses using two strains modified to express Pet309-HA: a rho zero ( 0 ) strain, devoid of mtDNA (and thus of COX1 mRNA), and the XPM271a strain where only the COX1 mRNA 5 UTR is present but neither the coding sequence nor the 3 UTR. In both cases, Mss116 efficiently co-immunoprecipitated with Pet309-HA ( Figure 5E ), thus indicating that the interaction between these two proteins can occur in an mRNA-independent manner.
Mitoribosome loading onto COX1 mRNA can occur in the absence of Mss116
A failure of translational activators to bind their specific RNA is expected to result in failure to load the mRNA correctly onto the mitoribosome (14) . To assess whether the absence of Mss116 and Pet309 limits the mitoribosome-COX1 mRNA association, we used highly purified mitochondria from nuc1-deleted WT, pet309 and mss116 strains carrying intronless mtDNA. Yeast cells were grown in CAP for 3 h and in fresh medium for 1 h prior to mitochondrial isolation. The CAP treatment allows accumulation of cytoplasmically synthesized proteins required for mitoribosome assembly and mitochondrial gene expression, which results in a robust increase in the proportion of mito-polysomes and of mitochondrial protein synthesis (34, 35) . Mitochondrial extracts were prepared in the presence of 0.8% NaDOC, 10 mM Tris pH 7.5, 100 mM NH 4 Cl, 20 mM MgCl 2 and 200 U of RNaseOUT, and fractionated in sucrose gradients. Aliquots of each fraction were used for immunoblot analysis of mitoribosomal markers. The rest was used for RNA extraction and the presence of the COX1 and COB mRNAs analyzed by cDNA synthesis followed by RT-PCR amplification ( Figure 6A ). Polysomes were detected in the three strains analyzed (Figure 6B-D) . In WT mitochondria, similar amounts of COX1 and COB mRNAs were detected in the SSU, monosome and polysome fractions ( Figure 6E ). In pet309 mitochondria, intronless COX1 mRNA is stable but not translated (45, 49) inasmuch as translation initiation requires the binding of Pet309 to the 5 UTR of COX1 mRNA. Our data show that Pet309 is not essential for mitoribosome loading onto COX1 mRNA and support its requirement for COX1 mRNA translation given that this mRNA is barely detected in the polysome fractions ( Figure  6C and E). In the absence of Mss116, a larger proportion of the residual ∼50% of mitoribosome subunits present is detected in monosomes and polysomes ( Figure 6D ). This is probably because as seen for pet309, COX1 mRNA loading was hardly detected in the mss116 mitochondrial polysome fractions ( Figure 6D and E).
The catalytic activity of Ms116 is required for its role in COX1 mRNA translation
We also asked whether the ATP-dependent helicase activity of Mss116 is necessary for its roles in COX1 mRNA translation. To investigate this question, we created mss116 strains that express WT Mss116, or variants carrying mutations in the ATP-binding and DEAD box conserved regions in Mss116 from centromeric plasmids ( Figure 7A ). Mutation of lysine K158 to alanine in the ATPase-A motif and a change of aspartate D267 or glutamate E268 in the DEAD box motif to alanine did not alter the stability of each Mss116 variant and, consequently, Pet309 also remained stable ( Figure 7B ). The mutations did not affect the ability of Mss116 to complex with Pet309 ( Figure 7C ) but abolished Mss116 function on COX1 mRNA translation ( Figure 7D ). These results demonstrate that the ATPdependent helicase activity of Mss116 is necessary for its function in mitochondrial translation. analyzed 464 PPR motifs present in 33 proteins from Arabidopsis thaliana and Physcomitrella patens and, because these proteins have a known binding sequence on their cognate RNAs, the authors could assign a specific nucleotide to each PPR motif. Using these data, they assessed the frequency in which PPRs with a specific combination of amino acids in the 2nd, 5th and 35th positions, the 5th and 35th positions, or only the most specificity-relevant 35th position, bind each of the 4 nt and calculated the corresponding binding probabilities.
From the 22 predicted PPR motifs in Pet309, 13 have a combination of residues that fit the pattern reported by Yagi et al (Supplementary Table S4 ). For the 9 PPR motifs lacking the predicted amino acid combinations, we assigned equal binding probability for the 4 nt to obtain a degenerate sequence that was searched on the COX1 5´UTR by using the software 'Degenerate motif finder' by Insilicase (http:// www.insilicase.com/Web/DegenerateSites.aspx). We identified two sequences that fitted the degenerate pattern: AUU-UAAUUAAUUUUUUUUUUUA, which spans from −76 to −55 of the COX1 5 UTR (taking the adenine from the initiation codon as +1) and AUUUAAAUGAUUU-UAAUAUAUA, which spans from −356 to −335 of the COX1 5 UTR ( Figure 8A) .
A model of the COX1 mRNA 5 UTR structure, obtained with the mfold server (56), portrays the potential structural complexity of the molecule without considering RNA-protein interactions ( Figure 8B ) and highlights the requirement of RNA binding proteins, such as Mss116 and Pet309, to facilitate COX1 mRNA translational activation.
DISCUSSION
Mss116 is an S. cerevisiae DEAD-box helicase that plays a major role in splicing of group I and II introns (24, 25, 27, 28, 57) . Furthermore, Mss116 has been shown to perform additional functions in transcription elongation (31) and mitochondrial translation in an intronless background (24, 25) . The observation of Mss116 interacting with the mitoribosome and the lack of information regarding the mechanism by which Mss116 activates mitochondrial translation led us to focus on this question further. Multitasking is not a unique property of Mss116 but is common among many DEAD/DXAH proteins (58) . For example, several cytoplasmic mRNA-specific helicases that participate in translation initiation such as Ded1/DDX3 and RHA/DHX9, and maybe also Vasa/DDX4, all appear to play additional roles in transcription, pre-mRNA splicing, export from the nucleus and transport (58) . This feature makes it difficult to separate a direct effect from the indirect effects of the proteins on translation initiation. Therefore, to study the role of Mss116 exclusively on mitochondrial translation we have bypassed its requirement for splicing by using strains devoid of introns and by performing our experiments at 30
• C to avoid transcription elongation defects in the absence of Mss116.
Our studies demonstrate that Mss116 plays roles in the assembly of the mitochondrial translational machinery as well as in the translation process itself. The total amount of mitochondrial ribosomes is lowered in a mss116 strain. WT Mss116 interacts with the mtLSU and the monosome, suggesting roles in ribosome assembly and beyond. Ribosome assembly intermediates were not detected in the mss116 strain, which points toward a role of Mss116 at early stages of the mtLSU assembly process. The reduced mitoribosome content resulted in a decline in overall mitochondrial protein synthesis in the mss116 strain, with the synthesis of the three COX genes being mostly affected. However, the accumulation of newly synthesized Cox2 and Cox3 proteins is nearly equivalent to the WT levels over long pulses. On the contrary, synthesis of Cox1 is specifically and drastically affected.
Further, the use of a mitochondrial reporter gene helped us in disclosing multiple targets of Mss116 on the COX1 mRNA. One is in the 5 UTR, which involves Mss116 in stimulation of COX1 mRNA translation initiation. The Mss116 function is likely related to the COX1 mRNA translational activator Pet309, with which it interacts and provides stability. Furthermore, Mss116 accumulates in the absence of Pet309, suggesting a compensatory effect and both proteins are necessary to engage mitoribosomes in the translation of the COX1 mRNA. In vivo, Pet309 binds to the COX1 mRNA, and this interaction is severely attenuated in the absence of Mss51 (39) . Models of the secondary structure of the COX1 mRNA 5 UTR region generated with the mfold program predicted the complexity of this region (Figure 8) . Moreover, the in silico analysis presented here has disclosed potential binding sites for Pet309 in the COX1 mRNA 5 UTR. These regions span from 55 to 76 and from 335 to 356 nt upstream of the AUG start codon. According to the mfold COX1 mRNA model, both regions are part of potential stem-loop secondary RNA structures (Figure 8) . Thus, the presence of a helicase such as Mss116 seems indicated to disrupt stable secondary structures to allow access of Pet309 to the COX1 5 UTR. Indeed, we have demonstrated that the helicase activity of Mss116 is essential for COX1 mRNA efficient translation. This is reminiscent of the function of the DEAD-box protein eIF4A, a component of the eIF4F complex, in eukaryotic translation. Owing to its localization on the cap, eIF4A may promote preinitiation complex loading by disrupting RNA secondary structures in the vicinity of the 5 terminus (59) .
We could propose a model in which Mss116 helicase changes the COX1 mRNA conformation to allow Pet309 binding to its cognate sequence. However, inasmuch as Pet309, as do most PPR proteins, has mRNA recognition capacity but lacks obvious domains that could carry a catalytic activity, we favor a model in which Pet309 binds to the COX1 mRNA 5 UTR and then acts as an adaptor for directing the role of other factors, such as Mss116 (Figure 8 ). Among the two potential Pet309 targets on the COX1 mRNA, the sequence from nucleotide −55 to −76 seems more plausible for Pet309 interaction than the sequence from nucleotide −335 to −356, because it is closer to the AUG start codon. In addition, this sequence is part of a possible binding region of Mss51. No in vivo interaction of Mss51 with the COX1 mRNA has been found (37), but Y3H experiments showed the interaction of the hydrophilic N-terminal portion of Mss51 with a COX1 mRNA 5 UTR fragment of 250 nt upstream of the start codon (45) . Mss116-Pet309 binding might induce a further conformational change in the RNA structure to facilitate translation initiation. Experiments in vitro with the chloroplast PPR10 protein demonstrated that it binds to single-stranded RNA to induce remodeling of the adjacent sequences to facilitate ribosome recruitment (52) . Our experiments argue against a Mss116-Pet309 role in ribosome recruitment, because mitoribosome loading proceeds in the absence of any of these proteins, yet translation is impaired. Alternatively, binding of Mss116-Pet309 to the COX1 mRNA might allow access of Mss51 to the COX1 translation machinery, and/or assist the mitoribosome to correctly interact with the AUG start codon in the COX1 mRNA.
Mss116 has additional targets in the COX1 mRNA coding sequence and 3 UTR, which suggests a role in COX1 mRNA translation elongation or termination. The nature of this interaction--whether Mss116 binds directly to the mRNA via a sequence or structural motif or interacts indirectly through elongation or release factors as done by S. cerevisiae cytoplasmic Dbp5 (60)--is yet to be disclosed and will be a matter of future investigations. However, it is tempting to speculate that the interaction of Mss116 with the mitoribosome places this helicase in an ideal location to scan and resolve secondary structures in the COX1 mRNA coding sequence to facilitate its translational elongation.
A standing question relates to how the roles of Mss116 in COX1 mRNA splicing, transcription and translation are coordinated. A key element could be Pet309 because, beyond its role as a translational activator, it ensures either the fidelity of splicing of COX1 mRNA introns or the stability of splicing intermediates (49) . Therefore, the physical interaction between the two proteins and the stabilization of Pet309 in this complex could be essential to coordinate their multiple roles in COX1 gene expression. Pet309 was found to form a complex with other mRNA-specific translational activators, the transcription factor Nam1/Mtf2 and several message-specific RNA-binding proteins, including the RNA polymerase core Rpo41 (61) . Furthermore, Mss116 modulates the activity of mitochondrial RNA-polymerase during transcription elongation in certain conditions (31) . These functional interactions support the concept of mitochondrial transcriptional and translational coupling.
The role of Pet309 as an mRNA stabilizer and as an adaptor for other proteins is evolutionary conserved. The Pet309 human homolog is LRPPRC, a protein mutated in the French-Canadian variant of Leigh's syndrome that is characterized by cytochrome c oxidase deficiency (62) . LRPPRC physically interacts with SLIRP forming a complex that co-stabilizes both proteins and mediates mt-mRNA stability (63, 64) . However, studies in vivo in mouse tissues have shown that LRPPRC and SLIRP have distinct roles within the mt-mRNA-stabilizing complex they form. LRPPRC is required for maintenance of polyadenylation of mtDNAencoded mRNAs (65, 66) . Instead, SLIRP is required for proper association of mRNAs to the mitochondrial ribosome and efficient translation (67) .
The multiple roles of Mss116 resemble other nuclear gene products involved in mitochondrial RNA processing that play a second role in mitochondrial biogenesis or function. Among them, Rpm2, the protein subunit of mitochondrial RNase P in S. cerevisiae, is particularly relevant. Rpm2 also has a yet undefined role in the translation of COX1 and COX2 mRNAs, which has been linked to ∼100 aa Cterminal portion of Rpm2 that shares 49% similarity with Pet309 (68).
In conclusion, our data illuminate new roles for Mss116 in mitochondrial gene expression: Mss116 is required for mitoribosome biogenesis and also acts as a COX1 mRNA-specific translation factor in yeast mitochondria. In the wider context, our results suggest the existence of additional mitoribosome-associated proteins involved in mRNA transactions that act in concert with translational factors to determine mitochondrial mRNA-specific translation. Furthermore, our results support the conclusion that the availability of cofactors allows RNA helicases to perform multiple functions, as shown here for Mss116 in the biogenesis and function of the mitochondrial translation machinery.
